The distribution of ingested bacteria in nanoflagellates was assessed to suggest whether or not there are subgroups of grazers with different grazing rates. Several discrete random distributions were compared to the distribution of ingested fluorescently labeled bacteria (FLB) in cultures of Rhynchomonas nasuta and Paraphysomonas vestita. Sample distributions typically fit both the Poisson with extra zeros (Poisson EZ, tested as a truncated Poisson) and negative binomial, but only occasionally fit a Poisson. Both the Poisson EZ and the negative binomial distributions suggest a heterogeneous population composed of subgroups of flagellates with different grazing rates. Although these models provide acceptable mathematical descriptions, their specific biological implications with regard to the number of flagellate subgroups remain to be proven. Based on fit of the distribution of ingested prey to a Poisson EZ, a rapid cytometnc method for estimation of grazing rates on FLB is presented. The method uses changes in the probability of grazers not ingesting FLB during short incubations (ca 15 rnin) to estimate the Poisson parameter and the fraction of extra zeros, from which the average grazing rate is calculated. Grazing rates determined by microscopy and by this cytometry method were similar. Frequency distributions of cytometric histograms of fluorescent microspheres in grazers suggest that both the Poisson EZ and negative binomial models are simplifications of a more complex distribution of grazing rates.
INTRODUCTION
The presence of bacterivorous flagellates in aquatic systems has been reported to cause increases in both primary and secondary productivity (Andersson et al. 1986 , Bjsrnsen et al. 1988 , Roman et al. 1988 , Sherr et al. 1988a , Ferner & Rassoulzadegan 1991 , Rothhaupt 1992 , Ferrier-Pages & Rassoulzadegan 1994 . Productivity increases may result from enhanced nutrient recycling associated with bacterivory (Stout 1977 , Sieburth & Davis 1982 , Caron & Goldman 1988 , Sherr et al. 1988a , Bloem et al. 1989 Selmer et al. 1993 , Hutchins & Bruland 1994 . These concepts have stimulated interest in measurement of flagellate grazing on bacteria.
Estimates of grazing rates on bacteria are typically based on measurements of mean bacteria consumed per grazer. Understanding the distribution of prey in grazers (i.e. the number of flagellates containing 0, 1, 2, etc., bacteria) may assist in the selection of adequate sample sizes and method development for grazing rate analysis. Taking into account the random chance of a flagellate encountering a bacterium, the distribution of grazing rates can also suggest biological conditions such as whether or not the entire bacterivore population is actively feeding, and whether or not active feeders have more than 1 grazing rate. Heterogeneous grazing rates for a single population of grazers may result from factors such as genetic and life cycle variability, or heterogeneous spacial distribution of grazers with respect to prey. In addition to these variables, heterogeneous grazing rates in natural communities may reflect multiple species-dependent grazing rates.
There are 3 common methods for estimating flagellate bacterivory rates: (1) via bacterial growth with and without grazers (e.g. Fenchel 1982 , Davis & Sieburth 1984 , (2) via grazer uptake of radiolabeled bacteria (e.g. Hollisbaugh et al. 1980 , Nygaard & Hessen 1990 , and (3) via grazer uptake of fluorescently labeled prey (e.g. McManus & Fuhrman 1986 , Sherr et al. 1987 , Landry et al. 1991 . Microscopic analysis of ingested fluorescently labeled prey, such as used by Hondeveld et al. (1987) , Sherr et al. (1987 Sherr et al. ( , 1989 , Sieracki et al. (1987) , Nygaard et a!. (1988) , and Gonzalez et dl. (1990) is ine only method currently available that can estimate the distribution of prey ingested by individual grazers. Studies using this method generally have sample sizes of 100 to 300 flagellates. Labeled prey as a percentage of total prey is kept as low as possible to avoid increasing grazing rates due to significant increases in prey density (McManus & Okubo 1991) . Typically, only 5 to 30 % of the prey is labeled, yielding a mean of labeled prey per flagellate that is less than 1, and a significant number of feeding flagellates that may not have encountered labeled prey within incubation times that are less than digestion times. This can result in the absence of labeled prey in an actively feeding grazer. Furthermore, because of the low mean labeled prey per grazer, large sample sizes are required for good estimation of grazing rates.
After incubation of grazers with fluorescently labeled bacteria (FLB), the percentage of flagellates containing labeled prey has been reported to vary from 2 to 97 % (Hondeveld et al. 1987 , Sieracki et al. 1987 , Nygaard et al. 1988 , Sherr et al. 1989 , depending upon factors such as the proportion and type of labeled prey, incubation time and conditions, grazer type, and fixation methods. The large number of flagellates with no ingested FLB led Hondeveld et al. (1987) to calculate grazing rates via 2 methods: (1) average FLB ingested by the entire flagellate sample, and (2) average FLB ingested by flagellates containing at least 1 FLB. The latter of these methods does not account for the probability of a feeding flagellate not encountering an FLB, and therefore overestimates grazing rates of the feeding population. If flagellate ingestion of FLB is due solely to the chances of a flagellate encounter~ng an FLB, and flagellates and FLB are homogeneously distributed, then grazing rates should be homogeneous and the distribution of FLB in flagellates should fit a Poisson. McManus & Okubo (1991) found the distribution of FLB in flagellate grazers did not fit a Poisson, which suggests the chances of a grazer ingesting an FLB are not the same for all flagellates in a sample (i.e. the rates are heterogeneous). In contrast, Gonzalez (1999) used indirect methods to suggest that the distribution of ingested FLB fits a Poisson. In the present study, several discrete random models, with different biological implications with regard to the homogeneity and heterogeneity of grazing rates, are compared to sample distributions of ingested bacteria per grazer. One of the accepted model distributions, the Polsson with extra zeros (Poisson EZ), is then used to develop a cytometric method for measuring flagellate grazing rates.
Standard methods for estimating nanoflagellate grazing rates via microscopic analysis of labeled prey uptake are very tedious, requiring continual microscope refocusing and slide advancement, and thus are subject to variable degrees of operator error in data collection. Cytometry offers the possibility of rapid assessment (e.g. 2 to 3 min) of very large sample sizes (e.g. 20 000 cells). The benefit of large sample sizes may be particularly important for the low-mean samples often seen in grazing experiments. Cytometric methods have been developed for measurement of ciliate grazing rates on fluorescently labeled microspheres (Lavin et al. 1990 , Fredrickson et al. 1992 ). However, because flagellates typically have lower grazing rates on microspheres than on labeled bacteria (Pace Pc Bailiff 1987 , Sherr et al. 1987 , Nygaard et al. 1988 ) estimation of flagellate grazing rates using FLB is often preferable. This study presents a cytometric method for estimation of flagellate grazing rates on FLB.
MATERIAL AND METHODS
Grazing experiments. Clonal flagellate cultures were established from 2 Chesapeake Bay tributaries as described in Bratvold (1995) . Cultures were maintained in Cerophyll medium (Nerad & Daggett 1992) with salinities similar to, and mixed bacterial assemblages from, the site of their collection (i.e. a salinity of 15 for Rhynchomonas nasuta, and freshwater for Paraphysomonas vestlta). For grazing measurements of R. nasuta, FLB incubations were conducted when the culture was near maximum flagellate abundances for this system (i.e. around 1 X 1 0~l a g e l l a t e s ml-l), in 50 m1 of culture according to the methods of Sherr et al. (1987) . FLB comprised 4 to 1 2 % of the total bacterial abundance, which was typically around 5 X 108 bacteria ml-'. Grazing was stopped after 10, 15, or 20 min incubation with the addition of 1.25 % glutaraldehyde, final volume.
In later grazing experiments with exponential phase Paraphysomonas vestjta (approximately 1 d old flagellate cultures), FLB were prepared from 2 d old bacterial cultures incubated 2 h in 0.02 M carbonate buffer, pH 9.3, 25"C, with approximately 0.2 mg 5-(4,6dichlorotnazin-2-yl) aminofluorescein (DTAF) ml-l. The increased binding affinity of DTAF at high pH precluded the need for high temperature incubations as in Sherr et al. (1987) . Labeled bacteria were washed and resuspended in 0.01 M phosphate buffer (pH 7.4), as were 1.0 pm diameter yellow-green fluorescent microspheres (Polysciences, Inc., Warrington, PA). Electron microscopic analysis of similarly prepared FLB suggests that structural integrity of the bacterial outer paracrystalline protein surface layer (S-layer) is maintained with this high pH treatment (S. Koval pers. comm.). On the day of grazing experiments, exponential phase P. vestita cultures were passed through a 10 pm pore size filter, and labeled prey was added to the filtered cultures a s 6 to 22 % of the total prey population. For microscopic analysis of P. vestita grazing rates, 2 m1 aliquots were taken after 10 or 12 min incubation with FLB, added directly to tubes containing 40 p1 of saturated NiCl, (in distilled water), and placed in an ice bath. Nickel preservation avoided P. vestita fluorescence due to aldehyde preservation, which is a particular issue for this species. Samples were microscopically examined on shallow hanging-drop slides within 12 h of sample collection. Slide illumination was alternated between bright field for identification of flagellates, and fluorescence for examination of ingested FLB.
For cytometric analysis of grazing rates, sample aliquots were taken immediately after labeled prey addition, and every 3 min for 15 min. Upon aliquot collection, grazing was stopped by a low temperature treatment, in which 2 m1 aliquots were added directly to tubes containing 2 m1 ice-cold, 0.2 pm filtered, 0.01 M phosphate buffer and placed in a saline ice bath (0 to -2°C). Cold sample tubes were placed on the cytometer in a beaker of saline ice water immediately prior to analysis, which was completed within 10 h of sample collection.
For both Rhynchomonas nasuta and Paraphysomonas vestita studies, bacterial and flagellate abundances were determined from samples preserved with 1.25 % final volume buffered glutaraldehyde. Refrigerated glutaraldehyde preserved samples were stained with 4,6-diamidino-2-phenyl-indol dihydrochloride (DAPI) (Porter & Feig 1980) and examined with fluorescence microscopy for abundance measurements of unlabeled bacteria, FLB, and flagellates within 2 wk of sample collection.
Calculation of grazing rates from frequency distributions. Data were collected as frequency distributions of the number of flagellates containing 0, 1, 2, etc., labeled prey. Four and 6 ingested FLB per flagellate were the maximum numbers (i.e. classes) that could be confidently enumerated for Rhynchomonas nasuta and Paraphysomonas vestita, respectively. Data for these maximum classes were reported as greater than or equal to the enumerated FLB. Frequency distributions were collected from microscopic analysis of ingested FLB and from cytometric analysis of ingested fluorescent microspheres. Grazing rates were estimated by multiplying the mean number of labeled prey per grazer per minute by the ratio of total prey to labeled prey. For the flow cytometer data, histogram counts of grazer-associated microspheres collected immediately after FLB additions to grazers (i.e. a 'time-zero' blank) were subtracted from later histogram counts to adjust for enumeration of microspheres that were not ingested by flagellates.
Comparison of sample and model distributions. To find a n appropriate model distribution of prey ingested by grazers, a 2-step process was employed. First, the frequency distribution of the largest sample of microscopically analyzed Rhynchomonas nasuta was compared to 4 different model distributions using the chisquare (x2) test for goodness of fit (Sokal & Rohlf 1981) , with a = 0.05 and the appropriate degrees of freedom for the hypothesized model. Classes with expected frequencies less than 1 were grouped with their neighboring class. However, model acceptance in a single sample may better explain natural variability in that particular sample than in a population (Bishop et al. 1975) . Therefore, in a second step, the 2 model distributions that best fit the largest sample distribution were postulated as models for all other samples. For each postulated model, the probability value of the x2 test statistic for each R. nasuta sample was placed in its appropriate percentile group (percentile group ranges are shown in Table 2 ). The frequency distribution of the percentile groups was then compared to the expected percentile frequencies with the x2 test for goodness of fit.
The 4 mathematical models considered in this study are common, discrete random distributions: the binomial, Poisson, Poisson EZ, and negative binomial. The parameters or quantities needed to define a binomial distribution are n and p. The random variable X is the number of FLB in a given grazer. The probability of the random variable X [written a s P(x)] is:
The distribution of ingested labeled bacteria per grazer can be thought of as binomial if there are n possible food slots per grazer (determined by microscopic examination of the maximum number of ingested bacteria in a grazer), and the probability of a food slot containing a labeled bacterium is p, then there are X labeled bacteria per flagellate. The mean of this distribution is np; thus p can be estimated from a sample as m/n, where m is the sample mean. The fit of grazing data to a binomial suggests independence in the probability of a food slot being full.
The Poisson distribution requires a single parameter h to define the distribution. This parameter is equal to both the distribution mean and variance. The random variable of this distribution, X , is the number of FLB in a given grazer. The probability of X is: for X = (0, l., . . . , n ) and h > 0 (2) The Poisson parameter h is estimated as the mean number of FLB per grazer in the sample distribution at the sample incubation time. The fit of a sample to a Poisson suggests that the cause of different numbers of FLB in different flagellates is solely due to the chance of a flagellate encountering a n FLB. Thus, there are no differences in the grazing rates of individual flagellates (i.e. rates are homogeneous), assuming the prey is homogeneously distributed. However, it may be inappropriate to assume a single grazing rate based on the fit of a sample with a low mean to a Poisson. The law of small numbers states that low frequency events in a large population can be fit to a Poisson even when the probability of events varies among subgroups of the population (Gumbel 1968 ). Therefore, samples that have a low mean number of ingested FLB per grazer (e.g. < l ) may have several different grazing rates and still appear to fit a Poisson. Examination of large sample sizes (e.g. >1000) increases the chances of being able to detect multiple grazing rates in these populations because it allows the tails of the distribution to be better defined, making it easier to detect poor fit to a Poisson.
If a sample frequency distribution has a zero class that is significantly larger than expected for a Poisson distribution, a Poisson EZ may be tested with a Poisson truncated at the one class (i.e. data for the zero class is not included). The parameter for the truncated Poisson is h,, and the mean of the truncated distribution is m~.
With denotation of an estimate by a prime ( l ) , the initial LT' is mT, and h,' is iteratively computed (El-Shaaraw~ et al. 1981 ) as:
where the initial hT' is h,', and the next hT1 is h, '. h,' then replaces h,' to obtain a better AT1. This process is repeated until the difference between h,' and h,' becomes very small (e.g. <0.0001). It should be noted that truncated Poisson parameter estimation methods yield an invalid estimate whenever the sample does not include an individual(s) in a class greater than 1; thus, a sufficiently large sample must be analyzed to include grazers that have consumed more than 1 labeled prey (Bratvold 1995) . Given that for the Pois-son the probability that there is more than 1 ingested FLB in a grazer is P(, , ,, = (1 -e-A), the number of individuals in the Poisson (N,) can be estimated from LT' as: %fx where f, is then number of flagellates in the sample that contain X FLB. Npl can then be subtracted from the sample size (including the zero class) to estimate the number of extra zeros, which, if the theoretical implications of the Poisson are true, would correspond to grazers that were not ingesting bacteria even if they encountered them during the incubation.
When both tails of the sample distribution have yredler frequencies than expected for a Poisson distribution, a negative binomial model may better fit the sample. The negative binomial can be thought of as a series of many overlapping Poisson distributions (i.e. a compound Poisson), where each subgroup of flagellates has a grazing rate that can be fit to a Poisson. The negative binomial is, arguably, the most common type of compound Poisson. The fit of grazing samples to a negative binomial suggests the presence of multiple grazing rates. The negative binomial is defined by 2 parameters: k, and the arithmetic mean of the sample, m. The random variable X is the number of labeled bacteria in a flagellate, and An initial estimate of the parameter k can be calculated as k' = m2/(s2 -m), where s2 is the sample variance (Bliss & Fisher 1953) . A final estimate of k is determined by iterative calculations to approach b = 0 when where N is the number of grazers in the sample and X, is the lowest number of FLB observed in a grazer (i.e. zero). With each iteration, k' is adjusted until the absolute value of b is sufficiently small (i.e. b < 0.005 in this study).
Flow cytometry analysis. Flow cytometry was conducted with an Ortho Cytofluorograf 11s flow cytometer (Ortho Diagnostic Systems, Westwood, MA). Data were acquired, displayed, and stored with an Ortho 2151 data acquisition and analysis system (Ortho Diagnostics Systems). Three signals were measured and stored for each individual cell: (1) fluorescence intensity, primarily from ingested labeled prey, (2) forward angle light scatter (FALS), which roughly correlates with grazer size, and (3) right angle light scatter (RALS), which roughly correlates with cell granularity. Signals were processed in area mode, i.e. the integral of emitted light over time. Fluorescence measurements used a Coherent Innova 90-5 argon ion laser (Coherent, Palo Alto, CA) for illumination at 488 nm, with a light-stabilized power output of 100 mW, and a 515 to 530 nm barrier filter (Ortho Diagnostics Systems).
Two-dimensional cytograms of FALS versus RALS (in which each point represents the FALS and RALS characteristics of a single cell) were used to adjust RALS and FALS gain settings for optimal separation of bacterial and flagellate populations. FALS versus fluorescence cytograms were used to quantify fluorescence incorporated into flagellates. Cytometric separation of flagellate and uningested bacterial populations was initially tested with monoflagellate cultures of Cafeteria sp., Jakoba libera, Paraphysomonas vestita, and P. butcherii. Cultures were passed through a 10 pm pore size filter prior to cytometric analysis to remove large bacterial clumps. F? vestita and Cafeteria sp. were clearly separated from their resident bacterial populations based on FALS and RALS. A cytogram of P. vestita and bacterial populations is shown in Fig. 1 ; the population concentrated in the lower FALS and RALS channels represents the bacterial population, while the population concentrated in the higher channels represents the flagellate population. Cytographic overlap of bacterial and flagellate populations was greater in J. libera and P. butcherii cultures than in P. vestita and Cafeteria sp. cultures, but distinct bacterial and flagellate peaks were seen in FALS histograms of all flagellates tested.
Paraphysornonas vestita was used throughout the remainder of the cytometry portion of this study because of its rapid growth and good cytometric separa- tion. In preliminary trials with different fixatives it was found that formaldehyde and glutaraldehyde fixation increased cell fluorescence and generally decreased cytometric separation of the grazer and prey communities. NiC12 fixation had minimal effects on population separations but slow formation of a precipitate was a concern. Low temperature fixation had negligible effects on population separations and was used for the remainder of this study. This treatment caused cessation of flagellate movement without death (i.e. incubations of P. vestita and FLB at low temperature for up to 12 h did not show significant change in FLB-related flagellate fluorescence and the flagellates regained motility when allowed to return to room temperature). Cytometric histograms of ingested FLB and fluorescent microspheres have different appearances. FALS versus fluorescence histograms of flagellates after incubation with microspheres show distinct peaks for grazers containing 1, 2, 3, and 4 or more fluorescent microspheres ( Fig. 2A ). However, similar histograms of flagellates incubated with FLB do not show distinct fluorescence peaks corresponding to the number of labeled prey ingested per cell (Fig. 2B ). This is a result of the relatively wide range of bacterial sizes and fluorescence intensities, which causes a general increase in flagellate fluorescence after incubation with FLB. The percentage of total cell counts in selected fluorescence channel groups are displayed over the brackets in Fig. 2 . For microsphere uptake, fluorescence channel groups were selected based on channels assumed to correspond to 0, 1, 2, 3, and 4 or more ingested microspheres. For FLB uptake, fluorescence channel groups were selected based on channels corresponding to no FLB uptake, determined from grazer population fluorescence measured immediately after mixing with FLB, and channels corresponding to 1 or more ingested FLB. Typically 20 000 flagellates were examined per sample at a rate of 300 to 500 cells S-'. For samples incubated with fluorescent microspheres, at least 40 000 flagellates were analyzed to obtain distinct peaks in the higher classes of ingested microspheres.
Calculation of grazing rates from probability of zero curves. This method can be used when samples fit a Poisson EZ distribution. It requires estimation of the fraction of flagellates that have no ingested FLB (i.e. the probability of zero at time t, written as P,,,,) at several time points throughout a short incubation with FLB. The data curve of grazers with no ingested FLB versus time is then compared to a theoretical curve that is repeatedly re-drawn with different estimates of the model parameters until the theoretical curve overlies the data curve. The parameter estimates used in the final theoretical curve are used to calculate overall grazing rates. Based on the Poisson probability of zero, PO = e-A (derived from Eq. 2), a curve of the Poisson EZ An understanding of the behavior of theoretical P,(,, curves assisted in the selection of appropriate model curves to approximate P,,,, data points. When the sample distribution of prey ingested per grazer has more zeros than expected in the Po~sson distribution, with increasing incubation time, P,,,, approaches the frac-tion of extra zeros rather than zero. Fig. 3 shows a series of theoretical P,,,, versus time curves for Poissons with no extra zeros, and with 20 and 50% of the sample composed of extra zeros. Fig. 3A shows that for ?L 2 0.5, z can be estimated from PO(,, at 12 min and beyond. Fig. 3B shows that when h 5 0.1, P,,,, measured at 20 min is an overestimate of z. However, h can still be estimated by initially drawing a curve (Eq. 7) with the last measured PO(,, as a n estimate of z, and then redrawing the curve with h adjustments and progressively lower z until a good fit is found. Fig. 3C shows that when h 5 0.01, the measured portion of the curve approaches a line. The same line can be described by both a Poisson parameter (with z = 0) and a different set of Poisson EZ parameters, thus this method fails when h is very low.
Incubation times in excess of digestion time cannot be used because an asymptote greater than zero may be reached in the PO,,, curve due to either true fit to a Poisson EZ model, or digestion of FLB prior to capture of another labeled prey. Digestion time is dependent upon experimental conditions such as grazer and prey type (Sherr et al. 1983 , Fenchel 1987 , and temperature (Sherr et al. 1988b) , and has been reported to range from 10 min to 1 h (Sherr et al. 1988b , Gonzalez et al. 1990 ).
Using a Poisson with no extra zeros, Fig. 4 shows that as h increases, theoretical P,(,, curves are closer together. Thus, smaller h can be estimated with more precision, until the curve approaches a line, as in Fig. 3C . Smaller h can be achieved with lower concentrations of labeled prey. The Poisson parameter h should not be assumed to represent the grazing rate of a feeding subpopulation unless it is confirmed that the extra zeros in the Poisson EZ model correspond to non-feeders. Thus, grazing rates should be expressed for the entire flagellate population. After z and h are estimated from data curve fit to a theoretical curve, the overall grazing rate on labeled prey (Glabel) is calculated as:
where Glabel is estimated in units of ingested labeled prey per flagellate per base unit time (i.e. 1 min). Assuming grazers do not discriminate between labeled and unlabeled prey, bacteria ingested per flagellate per unit time can be calculated by multiplying Glabel by the ratio of total bacteria to labeled prey.
RESULTS

Rhynchomonas nasuta: distribution of ingested FLB
Frequency distributions were collected by microscopy for a total of 32 Rhynchomonas nasuta samples incubated on 4 dates. Sample sizes ranged from 202 to 1592 flagellates, but were typically 300 to 400, with means of 0.1 to 0.5 FLB ingested per flagellate. Sample sizes truncated at the one class were usually less than 50. Table 1 presents the observed frequency of the number of flagellates with 0, 1, ..., 4 FLB (f,) in a sample of 1592 flagellates. This table also includes expected frequencies (F,), log-likelihood ratios, and x2 test statistics for each of the hypothesized distributions. Test statistics exceeded critical values for the binomial and the Poisson, suggesting these were not appropriate models. However, both the truncated Poisson and the negative binomial models acceptably approximated this sample distribution. Acceptable fit of the sample distribution in Table 1 to the Poisson EZ model suggests the presence of 2 subpopulations, feeders, and non-feeders, the latter of which comprise 30% of the total population (the extra zeros). In contrast, fit of the sample to the negative binomial suggests subpopulations with a range of grazing rates that may extend to Paraphysomonas vestita: distribution of ingested FLB and cytometric and microscopic grazing rates Fig. 5 displays PO(,, data points for 3 replicate samples and 2 theoretical curves (Eq. 7). The first data PO(,, point is estimated to be at 0.5 min rather than zero min to allow for time to mix FLB with the grazers and collect the aliquots prior to actual grazing cessation. Collection and grazing cessation of later aliquots could be timed more precisely. Good visual fit of the data points to the extra zeros (z = 0.14). On some sample dates, data Poct1 curves were parallel to theoretical curves, but slightly lower by a constant amount at all time points. This was thought to be due to the association of uningested FLB with the cluster of bacteria sometimes loosely attached to flagellates. In these cases, PO(,) points were overlaid on theoretical lines by the addition of a small sampledependent constant to data Pot,,. Table 3 shows microbial abundances, accepted model distributions, and grazing rate estimates for 4 experiments based on microscopic and cytometric analysis of ingested FLB. Microscopic frequency distributions included 100 to 415 flagellates for each sample, with a minimum of 95 ingested FLB. Grazing rates in Table 3 are single sample estimates, with the exception of Expt C, which is the mean of triplicate samples. The standard deviations for Expt C grazing rates were 0.07 and 0.05 for microscopic and cytometric analyses, respectively. The sample distribution of ingested FLB in Expt D did not fit any of the tested distributions; however, parameter estimations were exceptionally poor due to significant truncation of the right tail. This was a consequence of a relatively high concentration of FLB in conjunction with a rapid grazing rate that yielded a microscopy-determined mean of 3.5 FLB flagellate-' after 12 min incubation. Given the maximum of 6 ingested FLB that could be confidently enumerated under these viewing conditions, this sample had a relatively large proportion of grazers that ingested more than 6 FLB. With the calculation methods applied, excessive right truncation would result in underestimation of microscopically determined grazing rates in Expt D. All other sample distributions assessed by microscopy acceptably fit negative binomial and truncated Poisson distributions (used to test a Poisson EZ), and 2 out of 3 also fit a Poisson. Table 3 . Paraphysomonas vestita and prey abundances, distributions of ingested FLB based on rnicroscopy frequency distributions. and grazing rates based on rnicroscopy frequency distributions and cytometry probability of zero [Poll,] 1.6 Table 4 shows microbial abundances and grazing rate estimates based on uptake of fluorescent microspheres. Two cytometrically determined grazing rates are estimated for each sample; 1 rate is based on Pact, curves, and the second rate is based on microsphere frequency distributions (unlike FLB, microsphere frequency distributions could be quantified by flow cytometry). Grazing rates in Table 4 are single sample estimates, with the exception of Expt F, which is the mean of triplicate samples. The standard deviations for Expt F were 0.089 and 0.010 for the PO(,) curve and frequency distribution methods, respectively. None of the microsphere frequency distributions (with 40 000 flow cytometrically analyzed flagellates) acceptably fit a Poisson or a Poisson EZ. However, PO(,) curve grazing rate estimates of the microsphere samples (based on the assumption of a Poisson EZ) were similar to the rate estimates based on frequency distributions. All microsphere frequency distributions acceptably fit negative binomial distributions for aliquots removed after 3 and 6 min incubation with labeled prey, but acceptable fit was not always found in longer incubations. As incubation time increased, the right tails of sample distributions became better defined, making deviation from the negative binomial model easier to detect.
DISCUSSION
Both the Poisson EZ and the negative binomial were found to be generally acceptable models of the distribution of ingested prey in cultures of a surface feeding flagellate with a cytostome (Rhynchomonas nasuta) and a phagocytic grazer of free-swimming bacteria (Paraphysomonas vestita). While both of these models suggest the presence of subgroups of flagellates with different grazing rates, they have contrasting implications with regard to the number of flagellate subgroups. Acceptance of the Poisson EZ model suggests 2 categories of grazers: a non-feeding group, and a feeding group with a single grazing rate. In contrast, the negative binomial suggests a series of different grazing rates that may extend to zero. Acceptance of 2 models with different biological implications precludes acceptance of the specific theoretical implications of either of these models without further tests. Much larger sample sizes are often necessary for accurate assessment of the characteristics of low mean distributions. In this study, cytometric analysis of microspheres in flagellates included at least 40000 flagellates per sample. The distribution of microsphere uptake in these large samples could not be acceptably fit to either a Poisson or a Poisson EZ. Even the more robust negative binomial model no longer provided acceptable fit when the right tail of the distribution was allowed to further develop with longer incubation times. Loss of acceptance of these relatively simplistic models supports the findings of Hatzis et al. (1990 Hatzis et al. ( , 1993b ) that suggest the use of more complex models to describe the distribution of fluorescent microspheres in the ciliate Tetrahymena. When Tetrahymena was offered fluorescent microspheres as the only available prey, individual cell grazing was described by a Poisson (Gerritsen et al. 1987 , Hatzis et al. 1990 , 1993b , Table 4 . Paraphysomonas vestita and prey abundances, distribution of ingested microspheres based on cytometry histograms, and grazing rates based on cytometry frequency distributions and cytometry probability of zero [Poll,] while populations with individual variability were described by compound Poisson distributions that are more complex than the negative binomial (Hatzis et al. 1990 (Hatzis et al. , 1993b . However, with recognition that the theoretical implications of the simple Poisson distribution used by Gonzalez (1999) and the Poisson EZ used for the cytometry method of this study may not be correct, rough fit of samples to these distributions may allow use of faster methods for estimating bacterivory. The acceptability of these distributions may be greatest when sample means and sample sizes are relatively low, particularly for the simplest case of the Poisson. The results of this study suggest that mean grazing rates estimated from PO(,) curves of the Poisson EZ model are often similar to rates estimated with fluorescence microscopy. While better estimates of grazing rate vanance are needed to determine the relative bias of each method, the many potential sources of unquantified measurement error preclude statements on which method is more representative of actual grazing rates. In this study, potential measurement error factors (in addition to representativeness of FLB prey) include counting error intrinsic to each analysis method, different effects of NiCl:, and low temperature fixation on FLB retention, and sample deviation from the Poisson EZ model. The significance of deviation from the Poisson EZ model can be examined by comparison of grazing rates on microspheres estimated with identical samples by both frequency distribution and PO(,, curve methods. Under these conditions, the primary difference in the average rate estimates is due to deviation from the Poisson EZ model. Greater similarity between the cytometric estimates of microsphere uptake (Table 4) than between the cytometric and microscopic estimates of FLB uptake (Table 3) suggests that error due to deviation from the Poisson EZ model was relatively small. When using the PO(,, curve method for estimation of flagellate grazing rates on FLB, cytometric overlap of grazer and prey populations will likely vary with different populations. Natural samples containing a wide range of grazer species may have relatively greater overlap of grazer and prey populations. However, modest but constant error due to a small fraction of free FLB in the grazer window, or due to error in cytometric windows designated for distinguishing grazers with and without ingested labeled prey, should not significantly affect grazing rate estimates because this method depends on change in PO,,, rather than on accurate measurement of PO(,, at a given time. Careful assessment of good visual fit of the sample Pal,, curve to the best theoretical curve is important, particularly when new sample types or conditions are being tested. It is possible that acceptable fit to the theoretical PO,,, curve will be lost in samples with a wider dispersion of grazing rates. This may occur in samples that have been exposed to sub-lethal stress (Bratvold 1995) , as well as in natural community samples with multiple grazer species. Poor sample fit to the Poisson EZ model may be indicated by inconsistent deviation of data points from the theoretical curve for a single sample, but a consistent pattern of deviation among replicate samples. Microscopical assessment of samples with poor fit to the best theoretical curve would be necessary to validate applicability of this cytometry method for these samples. When a Poisson EZ PO(,, curve provides good fit to observed Pot,, curves, the cytometry method may lose precision when labeled prey concentrations are selected such that the mean number of labeled prey per flagellate per minute is too high (e.g. >0.6 for 15 min in-cubation~). Converseiy, when the rriedn number of iabeled prey per grazer is too low (e.g. <0.05 for 15 min incubation times), the fraction of extra zeros in the population cannot be confidently estimated. Thus, proper selection of FLB concentrations is essential for this method. Paired incubations could be conducted with 1 of the pairs containing higher concentrations of FLB to increase the chances of obtaining an estimate of z before digestion time is reached. However, the validity of this approach is uncertain until it is determined if z remains constant within the range of FLB additions applied. Changes or constancy in z with different FLB concentrations may provide indirect evidence on the validity of the theoretical implication of non-feeders.
Cytometric studies of Tetrahymena grazing on fluorescent microspheres suggest that a proportion of the ciliate population are non-feeders. This proportion was estimated to be 20 to 30% of exponential phase cultures, and nearly 100% of starved cultures (Hatzis 1993a) . Applying the Poisson EZ model, extra zeros in the late exponential to early stationary phase Rhynchomonas nasuta cultures of this study were estimated to range from 30 to 80%. Extra zeros in mid-to lateexponential phase Paraphysomonas vestita cultures ranged from 5 to 46 %. While these ranges appear to be roughly consistent with the non-feeder ranges found by Hatzis et al. (1993a) , the extra zeros of this study may represent both true non-feeders and the increased probability of subpopulations with lower grazing rates not ingesting any labeled prey during the incubation time. The findings in this study of acceptable fit of exponential phase P. vestita cultures to a simple Poisson may have been enabled by a relatively small fraction of non-feeding cells in these samples in conjunction with the relatively small sample sizes used for microscopy analysis (i.e. several hundred grazers). When recognizing model suggestions of a non-feeding subpopulation, some possible explanations for non-feeders warrant consideration. It has been suggested that glutaraldehyde fixation causes some fla-gellates to egest food vacuole contents (Sieracki et al. 1987 ). If it is assumed that flagellates containing 1 labeled bacterium are as likely to egest food vacuole contents as flagellates containing 2, 3, and 4 labeled bacteria, egestion upon fixation would lower the mean of the ingested bacteria per flagellate distribution, but would not change the distribution type. Thus, egestion of food vacuole contents upon fixation cannot explain apparent non-feeders. It is possible that some nonfeeders may occur in the surface feedlng Rhynchomonas nasuta population if some flagellates remained in the water column, unassociated with surfaces during the stagnant 15 min incubation and were unable to feed while suspended. However, this possibility seems unlikely to be able to fully account for the variable and sometimes very high proportion of observed extra zeros. In the R. nasuta experiments, grazing incubalions were conducted when flagellates were in lateexponential or early-stationary phase, when only a small proportion of the population is unable to feed as a result of division and mouth-part formation. Thus, the extra zero estimates ranging from 30 to 80 % of the total population in the samples of Table 2 may suggest another life cycle stage during which feeding is reduced or does not occur. Two general behaviors of R. nasuta were observed in these cultures: (1) gliding, scouring, and feeding along surfaces, and (2) rapidly twirling through the water column, which appeared to be more common in older cultures. This later behavior may be similar to the 'swarmers' described by Fenchel (1982) at the onset of starvation. If individuals remain engaged in only 1 of these behavior types throughout a grazing incubation, the extra zeros in the Poisson EZ model may correlate with the number of swarmers; but extra zeros would not be equivalent to swarmers if the Poisson EZ is a simplification of a more complex compound Poisson distribution.
Overall, studies conducted with alternative methods are needed to determine if there is a correlation between extra zeros of the Poisson EZ model and a nonfeeding subpopulation of grazers, or if the Poisson EZ is merely a mathematical description of prey uptake when uptake is a low probability event; analyses of grazing on microspheres suggests the latter. However, the fit of the Poisson EZ and negative binomial to sample distributions of FLB in 2 nanoflagellate types with very different feeding mechanisms and different growth phases suggests that these models may provide simplified, robust descriptions of the heterogeneous distribution of FLB in flagellate grazers. The fit of samples to the Poisson EZ allows grazing rates to be estimated from the change in the fraction of cells without FLB [Po(,,] using flow cytometry. While the cytometry method presented can provide rapid estimates of cultured flagellate grazing rates, making it easier to test the effects of multiple variables on grazing, additional studies are needed to determine the applicability of these methods for analysis of natural con~munities.
